The effect of different types of organic solvents on the structural integrity of M13 phages has been directly visualized by transmission and scanning electron microscopy. The exposure of M13 phages to apolar hexane had no effect on the structure of the phages for up to 8 h. In contrast, phages showed ~10-fold contraction into rod-like I-forms and to flattened spheroids with ~12 nm diameter upon exposure to polar organic solvents. We show that this finding can be beneficial for the macromolecular self-assembly and in broader aspects, to enhance the spatial arrangement of desired inorganic nanoparticles in the rapidly developing field of virotronics.
Introduction
M13 phages are being widely used in the novel virus-based technology (i.e. virotronics) and also as model systems to study liquid crystal textures due to their high aspect ratio and monodispersity [1] [2] . Viruses normally suffer from chemical aggression rather than mechanical stresses [3] . Therefore, several studies have been devoted to stress the key role of organic solvents on protein folding and inactivation of viruses [4] [5] , yet it has been shown that different kinds of filamentous viruses, even from the same class, show different structural integrity in an organic solvent [6] . For instance, the filamentous phage Pf1 was inactivated in diethyl ether and acetone, whereas the filamentous phage fd retained its native structure in these solvents [7] . The M13 phage is an 880 nm long and 6.6 nm wide semi-flexible virus consisting of ~2700 copies of the major coat protein (pVIII) surrounding a single-stranded DNA [8] . They are among the phages being successfully used in templating inorganic nanoparticles and hence in the development of optical biosensors and battery devices [9] - [11] . The major coat protein is comprised of 50 amino acid residues with a highly hydrophobic core that accounts for the interlock of the coat protein with its subunits [12] [13] . It has been reported that these hydrophobic interactions have a strong role in the stabilization of virions against denaturation [7] .
M13 filaments are highly sensitive to ultrasonication [13] and their worm-like shape would change to a mucus-like structure under near-infrared laser irradiations [8] . The denaturation process in solutions has been examined and observed in aqueous-organic mixtures. But viruses could experience a higher degree of denaturation in pure organic solvents. Solvent properties such as hydrophobicity and hydrogen-bonding capacity have a high impact on the structural integrity of proteins and virus particles [1] [4] . For many applications in virotronics, viruses must be stable for a certain period of time under a wide range of conditions-in particular, in different organic solvents. These solvents are often used in the production of organic electronic devices that are fabricated by solution processing (e.g. organic light-emitting diodes) [14] . While a number of studies have been devoted to the structural stability of fd [15] , f1 [7] and T7 [3] phages in organic solvents, no work has been performed yet to systematically study the structural integrity of M13 phages in different organic solvents. Establishing conditions under which M13 phages are stable is an important determinant in the practical utility of the virus technology [1] .
Here, we expose M13 filamentous phages to organic solvents and report their dissolution behavior and conformational changes using transmission electron microscopy (TEM) and scanning electron microscopy (SEM). The aim is to find an appropriate organic solvent, in which the virions can retain their original structure and can maintain their directional assembly for longer periods of time.
Materials and Methods
Wild-type (WT) M13 phage (M13KE) was purchased from New England Biolabs, Inc. Phage propagation and purification have been performed according to our previously reported method [16] . The WT M13 phages were suspended in Tris (hydroxymethyl) aminomethane (TBS) at pH 7.4. An aliquot of phage solution (5 µl) with a concentration of 1.4 × 10 12 pfu/ml was added to an equal volume of an organic solvent (hexane (Sigma-Aldrich), chloroform (Merck), tetrahydrofuran (THF, Merck) and toluene (Sigma-Aldrich)) at room temperature. The mixture was left unstirred for 60 min. Thereafter, a 5 µl droplet of the mixture was loaded for 5 min onto Quantifoil ® (Quantifoil Micro Tools GmbH) TEM grids covered by a carbon support film. The samples were gently washed with Milli-Q water, negatively stained with 1% uranyl acetate (UA) and blotted dry. The Zeiss SESAM microscope, a 200 kV FEG microscope was used to carry out TEM investigations. The average viral particle sizes were calculated by averaging sizes over all the particles of the same type on the acquired bright-field (BF)-TEM images. The SEM images were acquired by a Zeiss DSM 982 Gemini operating at 3 kV. To assemble a homogenous and closely-packed viral film on silicon wafers, the viral particles were directionally deposited using the convective assembly technique by pulling a meniscus containing 5.5 µl of the virus solution across the substrate at a constant rate (1.2 mm/min).
Results and Discussion
Untreated phages were included in this study as a control sample (Figure 1(a), Figure 1(b) ). BF-TEM observations of hexane-treated M13 phages revealed that the virions retained their structure, flexibility and original dimensions (see Figure 1(c), Figure 1(d) ). Phages showed no decomposition or fragmentation after 1 h contact with hexane. This could be associated with the fact that hexane is a nonpolar hydrophobic solvent that cannot compete for hydrogen bonds between proteins and thus was not able to denature the native structure of the phages. However, when exposed to chloroform, phages were destabilized from their native structure and they were ~5-fold contracted into shortened I-form rods having an average length of ~0.18 µm (blue arrows in Figure 1(e) ). A rather low portion of spherical filaments (spheroids or S-forms) having an average diameter of ~17 nm were also present (red arrows in Figure 1(f) ). Both morphological changes have been reported to result in the inactivation (i.e. loss of infectivity) of phages [7] [15] [17] [18] . The reason for these observations relies on the fact that chloroform is a polar solvent and is therefore able to break the hydrogen bonding and the hydrophobic interactions between the capsid proteins [17] .
Similarly, BF-TEM images of THF-treated phages showed apparent fragmentation of the phages but in a greater extend (red and blue arrows in Figure 1(g), Figure 1(h) ). The original filaments were extremely decomposed mostly into S-forms and in a less amount in I-forms. This could be a result of peptide bonds breaking in capsid proteins and by having the coat proteins detached from the core DNA which had been held together by weak electrostatic interactions [17] . The diameter of rods and spheroids were in average ~0.12 µm and ~13 nm, respectively, which shows more filament contraction (~10-fold contraction) and decomposition rate compared to the chloroform-treated filaments. THF is one of the most polar ethers and has a similar polarity as chloroform. However, THF is hydrophilic and water-miscible and therefore it is able to dissolve in the phage solution and rapidly break the hydrogen bonds in proteins and therefore changes the structure. In contrast, chloroform is hydrophobic and does not have as much interaction with the phages as THF. This could be the reason that in our specific experimental time period, phages showed a higher degree of decomposition in THF compared with that in chloroform. It should be noted that this phenomenon is a function of exposure time, indicating that phages would suffer the same level of decomposition in THF after a certain amount of time as they did in chloroform. In contrast to chloroform and THF, toluene has a relatively low polarity and therefore did not show high fragmentation of M13 filaments, yet was able to deform the phages to a certain level. As shown in Figure 1(i), Fig-ure 1(j) , no I-form or S-form particles could be observed, however virions were kinked which could be attributed to the disruption of the molecular tertiary structure interactions and deformation of the capsid arrangement [4] . Hence, the solvent polarity has a significant contribution to the interactions that lead to the structural changes of M13 phages. Higher polarities of the solvents employed in this study have a higher influence on breaking inter-coat protein forces, and weakening the van der Waals interactions between the DNA and the coat proteins.
Next, we assembled a well-aligned film of phages on a silicon wafer (Figure 2(a), Figure 2(c) ) and immersed it for 8 h in 3 ml of hexane. As shown in Figure 2(b), Figure 2(d) , the hexane immersion did not disrupt the phage assembly even up to 8 h, showing that extended exposures to hexane has no influence not only on the structural integrity of virions, but also on the their directional assembly. The alignment of the phage assemblies can be identified by 2D Fourier transform (FT) images. The insets in Figure 2(a), Figure 2(b) show the FT images with an intensity pattern in a narrow and elongated ellipse perpendicular to the direction of alignment, that confirms the highly-aligned structure of the phage assemblies. This key finding is of high importance in virotronics, in which viruses are used as unique biological entities to create advanced multi-component materials with a high molecular-level control [19] [20] . The functional properties of such devices, e.g. electrical [21] [22] and magnetic collective properties [23] can be maximized by using a self-assembled layer of organic molecules to spatially arrange inorganic nanostructures [24] . However, inorganic nanoparticles usually come in contact with organic templates in the presence of an organic solvent. Therefore, hexane can be a great candidate for a dispersion medium for the desired inorganic particles prior to them assembling into functional 2D films.
Conclusion
In closing, this study provides direct assessment of the stability of the filamentous M13 structure when exposed to different organic solvents. Efforts to maintain the structural integrity of viruses lead to an increased understanding of the factors that disrupt their structure. Phages showed to be denatured in polar organic solvents as compared to nonpolar solvents. This phenomenon could be understood by considering three factors: solvent hydrogen-binding capacity, hydrophobicity and water miscibility. This work also gives information on the handling of supramolecular assemblies in organic solvents for virus-based materials. This can be used in the devel-oping topic of research that is the control of macromolecular assemblies with hierarchical frameworks.
